Previous studies indicate that 1-bromopropane (1BP) has neurotoxicity and reproductive toxicity both in humans and animals. The present study investigated strain differences in susceptibility to 1BP and identified possible biological factors that determine such susceptibility. Twenty-four male mice of each of the three strains (C57BL/6J, DBA/2J, and BALB/cA) were divided into four groups of six each and exposed to 1BP at 0, 50, 110, and 250 ppm for 8 h/day for 28 days by inhalation. At the end of exposure period, the relative susceptibilities of each strain to 1BP-mediated hepatotoxicity and male reproductive toxicity were evaluated. The contributing factors to strain-dependent susceptibility were assessed by determination of hepatic CYP2E1 levels, glutathione-S-transferase (GST) activity, glutathione (GSH) status, and NAD(P)H:quinone oxidoreductase and heme oxygenase-1 mRNA levels. Liver histopathology showed significantly larger area of liver necrosis and more degenerative lobules in BALB/cA in the order of BALB/cA > C57BL/6J > DBA/2J. BALB/cA showed higher CYP2E1 protein level and lower total GSH content and GST activity in the liver than DBA/2J. These results indicate that BALB/cA mice are the most susceptible to hepatotoxicity of 1BP among the three strains tested, and that CYP2E1, GSH level/ GST activity may contribute to the susceptibility to 1BP hepatotoxicity. Exposure to ‡ 50 ppm of 1BP also decreased sperm count and sperm motility and increased sperms with abnormal heads in all three strains mice in a dose-dependent manner.
1-Bromopropane (1BP) has received global attention because the latter half of 1990s as potential alternative for ozone-depleting chlorofluorocarbon (CFCs) and similar regulated compounds. 1BP is used as a solvent for vapor and immersion degreasing or adhesives. Investigation on workers (Ichihara et al., 2004a,b; Hanley et al., 2006; Toraason et al., 2006) and human cases (Ichihara, 2005; Ichihara et al., 2002; Majersik et al., 2007; Raymond and Ford, 2007; Sclar, 1999) , as well as experimental studies in rats have revealed that 1BP exhibits neurotoxicity and reproductive toxicity (Banu et al., 2007; Ichihara et al., 2000a,b; Wang et al., 2002 Wang et al., , 2003 Yamada et al., 2003) .
Most of the past data available for hazard identification and risk assessment were derived from rat experiments. In this regard, the mouse model may be also promising for research on susceptibility because these animals are available in various kinds of inbred strains in addition to the transgenic mice. The mouse model is a valuable tool to investigate the association of pathophysiological endpoints and genetic background to understand the susceptibility to 1BP exposure. A previous inhalation study using CYP2E1 null mice showed that sperm motility was reduced by metabolites produced through oxidation by CYP2E1 (Garner et al., 2007) . Studies using knockout mice are useful for investigating the effect of targeted genes on the susceptibility to hazardous material. On the other hand, other approaches that use different kinds of inbred strains could also be useful for exploring possible factors related to susceptibility to hazardous material.
The present study was designed to compare the susceptibility of three strains of male inbred mice of different origin (C57BL/6J, DBA/2J, BALB/cA) to 1BP exposure and determine the contributing factors to strain-dependent susceptibility through measurement of hepatic CYP2E1 levels, glutathione-S-transferase (GST) activity, GSH status, and NAD(P)H:quinone oxidoreductase (NQO1) and heme oxygenase-1 (HO-1) expression levels. In addition, male reproductive toxicity was also evaluated in the three strains, and differences in susceptibility to 1BP toxicity were compared between mice and rats based on results of previous studies on rats. Finding strain differences in susceptibility to 1BP exposure could provide a better understanding of the genetic basis for susceptibility to 1BP exposure.
MATERIAL AND METHODS
Animals and exposure. A total of 72 specific pathogen-free, 9-week-old male C57BL/6JJcl, DBA/2JJcl, and BALB/cAJcl mice were purchased from Clea, Japan, Inc., Tokyo, Japan. The origin of these strains is as follows: C57BL/ 6JJcl: the original mice were described by Dr Little in 1921 from Dr Lathrop. Their offspring, which had black hair and obtained from mating F57 females with F52 males were designated C57BL. The sixth substrain of C57BL was introduced into Jackson lab and designated C57BL/6J. Clea-Japan Co. introduced F121 of C57BL/6J from Jackson Lab and designated them C57BL/6JJcl. With regard to BALB/cAJcl, the original mice came from Dr Bagg's albino mice, which were handed over to Dr McDowell and Dr Snell and designated BALB. Many types of substrains were produced from BALB/c maintained by Dr Snell. BALB/cA was introduced by Dr C. W. Friis (Denmark) into the Central Institute for Experimental Animals, then introduced to Clea-Japan Co. in 1989 and designated BALB/cAJcl. Finally, the DBA/2JJcl strain was derived from the first inbred mice in the world by Dr Little. The 212th substrain was designated DBA/2, in 1986, then the F155 was introduced from Jackson Lab to Clea-Japan Co. More detail information is available on http://jaxmice.jax.org/nomenclature.html and http://www.clea-Japan.com/ animalpage. The mice were housed and acclimated to the new environment for 1 week, and the 24 mice of each strain were randomly divided into four groups of six each. Food and water were provided ad libitum. The animal room was controlled with a 12-h light-dark cycle (lights on at 900 h and off at 2100 h) and with room temperature of 23-25°C and relative humidity at 57-60%. The mice were weighed between 9:00 and 10:00 A.M. just before starting exposure as well as once a week during the exposure. The mice of each group were exposed to 1BP for 8 h/day, 7 days/week, for 4 weeks. The four groups were exposed to 1BP at 50, 110, or 250 ppm or filtered room air. To determine the appropriate exposure concentration for mice, we conducted a preliminary experiment using a few mice. The preliminary study showed that one of two C57BL/6J mice and all of two BALB/cA mice and two DBA/2J mice died after 2-to 5-day exposure to 400 ppm of 1BP for 8 h/day. The study also showed two of two C57BL/6J died after exposure to 1BP for 7 days, and one of two DBA/2J mice or two of two BALB/cA mice died after exposure to 1BP at 300 ppm for 3-4 days. Based on these results, we chose 250 ppm as the highest concentration of exposure in the present study. Exposure was conducted from 1100 to 1900 h. The inhalation/exposure system used in the present study has been described in detail previously (Ichihara et al., 1997; Takeuchi et al., 1989) . In brief, a regulated volume of 1BP was evaporated and mixed with a larger volume of clean air to achieve the target concentrations. The vapor concentration of 1BP in the chamber was monitored every 10 s by gas chromatography and controlled to within ± 5% of the target concentration by a personal computer. The mean concentration of readings measured every 10 s for 8 h was considered the value for a given day. These were then averaged over 4 weeks in order to obtain the mean and standard deviation values. Thus, the daily gas concentrations in the three chambers measured were 51 ± 2.37, 111 ± 3.32, and 251 ± 5.72 (mean ± SD) ppm, respectively. The 1BP (99.81% purity) was kindly supplied by Tosoh Co., Ltd., Japan. The Japanese law concerning protection and control of animals and the Guide of Animal Experimentation of the Nagoya University School of Medicine was followed throughout the experiments.
Organ weights and histopathological procedures. At the end of the 28-days exposure period, each of the six mice from each group, with the exception of dead mice, was weighed before sacrifice by decapitation. The epididymis, testes, seminal vesicle, and liver were dissected out immediately and weighed. Five-millimeter-thick tissue was cut sagittally from the left lobe of liver and fixed in 10% neutral buffered formalin for histopathological studies. The tissue blocks were embedded in paraffin and cut in 4-lm sections. Tissue sections of the liver were stained with hematoxylin and eosin.
Histopathological examination. The area of necrosis in the liver was quantified with Neurolucida 7.50.1 software (MicroBrightField, Inc., Williston, VT) under light microscopy, The outlines of the whole liver section (34 magnification) were imported and the borders of the necrotic area (320 magnification) were traced in each liver section. All necrotic areas in one section were added up to obtain the total area of necrosis. The percentage of the necrotic area to the whole liver area in one section was calculated.
At least 100 hepatic lobules were examined including hepatic lobules with degeneration, which were defined as lobules containing more than three layers of degenerated liver cells around central veins. The percentage of lobules with degeneration to the total counted hepatic lobules was calculated. Histopathological evaluation was performed by individuals blinded to the identity of the mouse strain and type of treatment.
Epididymal sperm count, motility, and morphological abnormalities of sperm head. At the end of the 28-day exposure period, mice were weighed and sacrificed by decapitation. Epididymal sperm count and motility were evaluated according to Slott and Perreault (1993) and our previous study (Banu et al., 2007) . Sperms were collected as quickly as possible after sacrifice. The left cauda epididymidis was trimmed free of fat and clamped at the corpuscauda junction, then severed on the corpus side of the clamp and blotted. Although still being clamped, the cauda epididymis was pierced at three points with a fine surgical scalpel blade under stereoscopic microscope in a dish containing 2.5 ml of Hank's solution kept at 37°C. The covered dish was incubated at 37°C for 5 min to allow the sperm to diffuse into the medium. The sperm suspension (5 ll) was diluted using 15 ll of Hank's solution kept at 37°C and used to study sperm motility. Progressive or nonprogressive motile sperms were counted by a computer-assisted sperm analysis system (CIMAGINGC-MEN, Compix, Inc., Cranberry Township, PA). For evaluation of sperm count and morphological abnormalities of the sperm head, the remaining cauda epididymidis was minced using a pair of scissors in Hank's solution at 37°C and filtered through a piece of gauze. The obtained sperm suspension was diluted 10 times with 0.5% formalin-sodium chloride solution and then infused into a hemocytometer to count the number of sperms under a phase-contrast microscope. A smear was also prepared from the sperm suspension on a glass slide (three glass slides per mice) to study the sperm head morphology under a light microscope after multiple staining according to Bryan (1970) . The morphological features of the sperms were evaluated according to Wyrobek and Bruce (1975) . A total of 1000 sperms per mouse were examined at 400-fold magnification and classified as normal, lacking the usual hook, banana-like form, amorphous, and folded on themselves, possessing two tails. Morphological evaluation of sperm head was performed by investigators blinded to the identity of the mouse strain and type of treatment.
Western blotting for CYP2E1. CYP2E1 was detected in the cytoplasmic fraction of liver homogenates. Liver specimens were homogenized in three volumes (wt/vol) of cold 10mM phosphate buffer containing 0.25M sucrose (pH 7.4) and centrifuged at 13,000 3 g, 4°C to yield cytoplasmic fraction. Protein levels were determined by using the Bradford Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA). Samples containing 10 lg protein were separated by 12% SDS-PAGE and electroblotted onto Immobilon polyvinylidene difluoride membranes (Millipore, Bedford, MA). Nonspecific binding was blocked by 5% milk/Tween-TBS for 1 h at room temperature and then the membrane was washed by 0.1% Tween-TBS three times, and incubated overnight with rabbit polyclonal primary CYP2E1 antibody (Biomol, CR3271, 52 kDa) at a 1:8000 dilution in 0.1% Tween-TBS washing buffer at 4°C. The membranes were washed three times by 0.1% Tween-TBS, and incubated with donkey anti-rabbit secondary IgGs (1:15,000) (Santa Cruz Biotechnology, Santa Cruz, CA, sc-2313). The formed immunocomplexes were visualized by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ) using Lumivision PRO HSII (AISIN, Japan). Mouse anti-b-actin monoclonal antibody at a 1:32,000 dilution (Sigma, St Louis, MO, A1978, 42 kDa) was used as the loading control. The density of the bands was quantified by UN-SCAN-IT-gel 6.1 software (Silk Scientific Inc. Orem, Utah). CYP2E1 protein expression level was normalized against the level of b-actin protein in the same tissue sample.
Glutathione S-transferase assay activity. GST activity was measured according to Habig et al. (1974) using Glutathione S-transferase Assay Kit 703302 (Cayman Co. Ann Arbor, MI). The liver tissue was homogenized with COMPARATIVE STUDY ON SUSCEPTIBILITY TO 1BP IN 3 MICE STRAINS 101 5 volumes (wt/vol) of cold 50mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer (pH 6.02) containing 1mM EDTA. The sample was diluted 200 times by a sample buffer (100mM potassium phosphate, pH 6.5, containing 0.1% Triton X-100, 1mM GSH, and 1 mg/ml bovine serum albumin) prior to the assay. twenty microliters of the diluted sample was placed onto 96-well microplate and then 20 ll of reduced GSH and 150 ll of assay buffer (100mM potassium phosphate, pH 6.5, containing 0.1% Triton X-100) were added. The reactions were initiated by adding 10 ll of CDNB to all wells, and GST activity was determined at 25°C. Absorbance was read at 340 nm once every minute for 8 min using a microplate reader. Protein levels were determined by the Bradford Protein Assay Kit (Bio-Rad Laboratories). GST activity was expressed as nanomoles of hydrolyzed substrate per minute per milligram of protein (nmol/ min/mg protein).
Quantification for total GSH and oxidized glutathione. Liver tissue was homogenized with 5 volumes (wt/vol) of cold 50mM MES buffer (pH 6.02) containing 1mM EDTA. To avoid oxidation of the samples, the homogenization time was approximately 15 s. The protein in the sample was denatured with equal volume of 0.1% metaphosphoric acid (Sigma-Aldrich) and vortexed. The mixture was allowed to stand at room temperature for 5 min and centrifuged at 2000 3 g for 5 min. The supernatant (90 ll) was used for determination of total GSH and oxidized glutathione (GSSH) by the enzymatic method (Griffith, 1980; Tsai-Turton and Luderer, 2005) . First, 90 ll of supernatant was treated with 4.5 ll of 4M triethanolamine (TEAM, SigmaAldrich) solution and vortexed well before assay. For total GSH analysis, 30 ll of TEAM-treated sample was diluted 20 times with MES buffer (pH 6.02) containing 2mM EDTA. An aliquot (50 ll) of the diluted solution was assayed at 405 nm in a 150-ll mixture consisting of 0.4 mg/ml 5,5#-dithio-bis (2-nitrobenzoic acid) (Wako Pure Chemicals, Osaka, Japan), 4.5 mg/ml nicotinamide adenine dinulceotide phosphate hydrogen (oriental yeast), 1.43 U/ml GSH reductase (oriental yeast), and MES buffer (pH 6.02). Cumulative changes in absorbance at 405 nm at 30 s were recorded every 5 min until 30 min with a microplate reader (Bio-Rad). For GSSG determination, 30 ll of TEAMtreated sample was diluted 10 times with MES buffer before derivation, and 4 ll of 1M 2-vinylpyridine per 100 ll of diluted solution were added to every sample tube and GSSG standard tube, then the tubes were vortexed for 1 h at room temperature. Total GSH and GSSG concentration were calculated from a standard curve using GSSG (Cayman, 703014) prepared according to the GSH assay kit (Cayman, 703002) and normalized versus protein concentration. Total GSH and GSSG were expressed as nmol GSH (GSSG)/mg protein.
RNA isolation and real-time reverse transcription PCR analysis. RNA expression levels of NQO1 and HO-1 were quantified using quantitative realtime PCR method. About 30 mg of frozen liver tissues were homogenized and total RNA was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). The obtained RNA was dissolved in RNA-free water and stored at À80°C until use. RNA concentrations were determined with a Nanodrop-1000 3.5.1 (Nanodrop, Inc.). The quality of isolated RNA was assessed by measuring absorbance at 260 and 280 nm to confirm the A260/A280 ratio between 1.7 and 2.0. For cDNA synthesis, 2 lg of total RNA from each sample was incubated together with 1 ll of oligo dT, 1 ll of dNTP Mix, and 8 ll of milliQ at 65°C for 5 min and placed immediately on ice for 10 min. Then, 4 ll of 53 first strand buffer, 2 ll of 0.1M dithiothreitol, 1 ll of RNase inhibitor (40 U/ll), and 1 ll of Superscript reverse transcriptase (Invitrogen, Carlsbad, CA, 18064-014) were added. Reverse transcription was carried out at 42°C for 50 min, followed by heating at 70°C for 15 min, and the obtained cDNA samples were stored at À20°C until quantification with real-time PCR. cDNA was amplified using the following primers: mouse HO-1 (forward: 5#-CACGCATATACCCGC-TACCT-3#, reverse: 5#-CCAGAGTGTTCATTCGAGCA-3#) (Kim and Nel, 2005) and NQO1 (forward: 5#-CACGGGGACATGAACGTCAT-3#, reverse: 5#-GGA GTGTGGCCAA TGCTGTA-3#) (Primer Bank http://pga.mgh. harvard.edu/primerbank/). Real-time PCR was conducted with M x 3000P Real-time PCR system (Stratagene, San Diego, CA) and SYBR Premix EX Taq (TaKaRa, Kyoto, Japan). PCR program cycle was set as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 30 s, at 55°C for 1 min, and at 72°C for 30 s. Mouse b-actin (forward: 5#-TGCGTCTGGACTTGGCTG-3# reverse: 5#-TAGCCACGCTCGGT-CAGG-3#; Norris et al., 2000) was used as the internal control.
Statistical analysis. Data were expressed as mean ± SD. Multiple comparisons were made between the exposure groups and the control using Dunnett's method following one-way ANOVA. Multiple comparisons were made among the three strain mice using one-way ANOVA followed by Tukey's method. Pearson's coefficient analysis was used to determine the correlation between response and 1BP dose. For normalization of data distribution and stabilization of the variation, the percentage values were converted by arcsine transformation before the above analysis. A probability (p) of < 0.05 was accepted as statistically significant.
RESULTS

Body and Reproductive Organ and Liver Weight
During exposure, two BALB/cA mice at 250 ppm died within 4 days (one mouse died after 3-day exposure and the other after 4-day exposure) and one C57BL/6J mouse died after 7 days. No DBA/2J mice died throughout the 28-day exposure. The body weight of C57BL/6J and DBA/2J mice of each exposure group did not change significantly throughout 28-days exposure period, although BALB/cA mice exposed to 50 and 250 ppm showed increase in body weight at the end of the exposure period (Table 1) . Table 2 lists organ weights measured at the end of the experiment. The absolute weight of the testis and seminal vesicles of the 250 ppm C57BL/6J mice and the weight of the testis of the 110 ppm DBA/2J mice decreased significantly compared with strain-matched 0 ppm groups. In BALB/cA mice, the weight of the epididymis decreased in the 110 ppm group whereas the weight of the liver of the 250 ppm group increased significantly compared with the strain-matched 0 ppm group.
Macroscopic Changes in Liver of Dead Mice
Postmortem examination of one dead BALB/cA mouse was conducted at 12 h after the end of 4-day exposure to 1BP. The color of the liver was light yellow instead of red-brown, suggestive of liver necrosis (Fig. 1A) .
Histopathological Changes in the Liver
Exposure to 1BP at 250 ppm induced diffuse hepatocellular degeneration (Fig. 1C ) and focal necrosis (Fig. 1D ) in all three strains of mice. Table 3 provides a comparison of the percentage of necrotic area in the three strains of mice. The percentage of liver necrotic area increased in a dose-dependent manner in all three strains of mice. The liver necrotic area was significantly larger in BALB/cA than in DBA/2J and C57BL/6J mice at all exposure levels. However, there was no significant difference in the percentage of necrotic area between DBA/2J and C57BL/6J mice at all exposure levels. Widespread necrosis was observed only in BALB/cA mice at 250 ppm. Compared with the respective 0 ppm, the percentage of necrotic area was larger in BALB/cA and C57BL/6J mice at all exposure levels, but larger in DBA/2J mice only at 250 ppm.
102 Table 4 compares the percentage of liver lobules with degeneration in three strains of mice. The percentage increased significantly in all strains in a dose-dependent manner. Liver degeneration at 50 and 110 ppm was significantly larger in BALB/cA than in DBA/2J and C57BL/6J, and at 250 ppm, was significantly larger in BALB/cA than in DBA/2J, but there was no difference between BALB/cA and C57BL/6J. Furthermore, there was no significant difference at all exposure levels between DBA/2J and C57BL/6J mice. Compared with the respective 0 ppm, the percentage of liver degeneration was larger at 250 ppm only in DBA/2J mice, but larger at all exposure levels in both BALB/cA and C57BL/6J mice. Fatty degeneration was detected in one DBA/2J mouse and three BALB/cA mice at 250 ppm. Cholestasis within hepatic cells was found in two of C57BL/6J mice at 250 ppm. Balloon-like degeneration was identified in two BALB/cA mice and one C57BL/6J mouse at 250 ppm.
Changes in Sperm Count, Motility, and Morphology
Exposure to 1BP at !50 ppm significantly decreased the sperm count in all three strains of mice, and a dose-dependent decrease was observed in BALB/cA and C57BL/6J mice ( Table 5 ). The percentage of motile sperm decreased in all strains and in all exposed groups, with the exception of the 50 ppm group of C57BL/6J mice in a dose-dependent manner, compared with strain-matched 0 ppm groups (Table 5 ). There were no significant differences among three strains of mice in sperm count and sperm motility.
The percentages of sperms with abnormal head increased in a dose-dependent manner in the three strains of mice, and these changes were significant in all groups except for 50 ppm in DBA/2J (Table 5) , and no significant differences were found among the three strains. Examination of sperms with morphologically abnormal heads ( Supplementary Table 1) showed that the percentage of folded sperms and amorphous sperms increased dose dependently in C57BL/6J mice, with a significant difference from the 0 ppm group at all exposure levels. The proportions of banana-like sperms were higher in the !110 ppm exposure groups. The percentages of lacking hook sperms increased significantly in 250 ppm C57BL/6J mice. In DBA/2J mice, the percentages of amorphous sperms and two tails sperms increased dose dependently at !110 ppm.
On the other hand, the proportions of lacking hook sperms, banana-like sperms and folded sperms were significantly larger only at 50, 110, and 250 ppm, respectively. In BALB/cA mice, the percentages of banana-like sperms and two tails sperms increased dose dependently from 110 ppm and over. The proportions of amorphous sperms and folded sperms increased significantly in all exposure groups but not in a dose-dependent manner.
Changes in CYP2E1 Protein Level
Western blot analysis showed that CYP2E1 protein level in the liver was higher in BALB/cA than in DBA/2J at 0, 50, and 110 ppm, and significantly higher than in C57BL/6J only at DBA/2J 28.1 ± 1.7 (n ¼ 6) 28.1 ± 0.6 (n ¼ 6) 27.6 ± 1.5 (n ¼ 6) 27.3 ± 2.3 (n ¼ 6) C57BL/6J
28.7 ± 0.8 (n ¼ 6) 29.7 ± 1.4 (n ¼ 6) 29.2 ± 0.9 (n ¼ 6) 28.1 ± 1.5 (n ¼ 5) BALB/cA 29.5 ± 3.4 (n ¼ 6) 32.3 ± 1.9* (n ¼ 6) 31.4 ± 1.6 (n ¼ 6) 33.5 ± 1.3* (n ¼ 4)
Note. Values are mean ± SD. *p < 0.05, compared with the strain-matched 0 ppm group (ANOVA followed by Dunnett's multiple comparison). Figs. 2A and 2B ). However, the protein level was similar in the three strain groups at 250 ppm. There were also no significant differences between DBA/2J and C57BL/6J mice at all exposure levels. After 28-days exposure at 250 ppm, the CYP2E1 protein level was significantly lower in BALB/cA relative to baseline, but no such changes were found in DBA/2J and C57BL/6J mice.
Changes in GST Activity
GST activity in the liver was significantly lower in BALB/ cA mice than in DBA/2J and C57BL/6J at 0 ppm, but was similar in the three strains at 50 ppm (Fig. 3) . At 110 ppm, GST activity was significantly lower in BALB/cA mice and C57BL/ 6J mice than in DBA/2J. At 250 ppm, the activity was significantly lower in BALB/cA mice than in DBA/2J and Note. n ¼ 6 mice in each group, except for 250 ppm where n ¼ 5 for C57BL/6J mice and n ¼ 4 for BALB/cA mice. Values are mean ± SD. Percent values were converted by arcsine transformation before statistical analysis. Small letters indicate p < 0.05 between the designated strains in the same column (ANOVA followed by Tukey's multiple comparison). Asterisk in the same row indicate a significant difference from strain-matched 0 ppm group (*p ¼ 0.05 , ANOVA followed by Dunnett's comparison). †p < 0.05, significant correlation between response and dose (Pearson's coefficient analysis).
Neurolucida 7.50.1 software was used to quantify the area of liver necrosis.
C57BL/6J. Compared with strain-matched 0 ppm groups, GST activity increased in BALB/cA at 50 ppm and in DBA/2J at 110 ppm. However, C57BL/6J mice did not show any changes in GST activity compared with the baseline.
Changes in Total GSH and GSSG Content
Total GSH content was significantly lower in BALB/cA mice than in DBA/2J at baseline (0 ppm) (Fig. 4A) . At 50 and 110 ppm, the total GSH content was significantly lower in BALB/cA and C57BL/6J than in DBA/2J, but was similar in the three strains at 250 ppm. GSSG content was similar in the three strains at baseline and at all exposure levels (Fig. 4B) . The ratio of GSSG/reduced form of GSH content (Fig. 4C) was similar in the three strains at baseline (0 ppm), but significantly higher in BALB/cA and C57BL/6J than in DBA/2J at 50 ppm. At 110 and 250 ppm, the ratio was similar in the three strains. Total GSH contents were significantly higher in BALB/cA and C57BL/6J mice at 250 ppm compared with the respective baseline (0 ppm). Furthermore, the content of GSSG was increased in BALB/cA at all expose levels, and increased in C57BL/6J at 50 ppm, increased in DBA/2J at 110 ppm, respectively, relative to the respective baseline. The ratio of GSSG/GSH was significantly increased in BALB/cA and C57BL/6J at 50 ppm compared with the respective baseline. At 110 ppm, the ratio was significantly increased only in BALB/ cA but at 250 ppm, it was not increased in any strain mice.
Changes in NQO1 and HO-1 mRNA Levels
Real-time RT-PCR analysis of the liver after 28-days exposure at 250 ppm showed significantly increases in HO-1 and NQO1 mRNA levels in BALB/cA mice compared with the baseline. In C57BL/6J mice, the HO-1 mRNA levels were significantly higher at 110 and 250 ppm and that of NQO1 was significantly higher at 250 ppm compared with the respective Note. n ¼ 6 mice in each group, except 250 ppm group where n ¼ 5 for C57BL/6J mice and n ¼ 4 for BALB/cA mice. Values are mean ± SD. Percent values were converted by arcsine transformation before statistical analysis. Small letters indicate p < 0.05 between the designated strains in the same column (ANOVA followed by Tukey's multiple comparison). Asterisk in the same row indicates a significant difference from strain-matched 0 ppm group (*p < 0.05 , ANOVA followed by Dunnett's comparison). †p < 0.05 , significant correlation between response and dose (Pearson's coefficient analysis). Note. n ¼ 6 mice in each group, except for 250 ppm group where n ¼ 5 for C57BL/6J mice and n ¼ 4 for BALB/cA mice. Values are mean ± SD. Percent values were converted by arcsine transformation before statistical analysis. *p < 0.05, compared with the baseline (0 ppm) (ANOVA followed by Dunnett's multiple comparison). †p < 0.05 , significant correlation between response and dose (Pearson's coefficient analysis).
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baseline values (Figs. 5A , 5B). No changes in NQO1 and HO-1 mRNA levels were detected in DBA/2J mice.
DISCUSSION
In the present study, quantification of liver necrosis and degeneration in three mice strains showed different susceptibilities to 1BP hepatotoxicity in the order of BALB/cA > C57BL6/J > DBA/2J. All three mice strains were similarly susceptible on sperm count and morphology although sperm motility tended to be lower in BALB/cA than in the other two strains. Adverse effects on liver histopathology and reproductive parameters were found in all three strains of mice at quite lower exposure level than in rats. These results indicate that mice are far more susceptible to 1BP exposure than rats, at least as represented by these three strains. At baseline, CYP2E1 protein level was higher, GST activity was lower, and total GSH content level in liver was lower in BALB/cA mice than in DBA/2J. The higher CYP2E1 and lower GST and GSH may explain the higher susceptibility of BALB/cA than DBA/2J. Meanwhile, C57BL/6J tended to show intermediate tendency between the other two strains with respect to CYP2E1 in the control groups.
Previous studies suggested that 1BP is oxidized at C2 or C3 position through the CYP-associated monooxygenase system and subsequently conjugated with GSH (Barnsley et al., 1966; B'Hymer and Cheever, 2004; Jones and Walsh, 1979) . Part of 1BP is conjugated directly with glutathione (Barnsley et al., 1966; Jones and Walsh, 1979; Khan and O'Brien, 1991) . If oxidized metabolites of 1BP are reactive and GSH conjugation is involved in detoxification of 1BP or oxidized metabolites of 1BP, it is conceivable that higher CYP2E1 level and a low GST activity or GSH content could contribute to the higher susceptibility to 1BP in BALB/cA.
The present study showed no difference in sperm count and percentage of sperms with abnormal head between the three strains of mice. Dissociation of susceptibility between the liver and sperm count/morphology might suggest differences in mechanisms of toxicity between the liver and male reproductive organs. Our previous studies showed that 1BP inhibits spermiation without reducing the number of spermatogonia, spermatocytes, or round spermatids in the seminiferous tubules of the testes (Ichihara et al., 2000a) . The decrease in epididymal sperm count and increase in morphologically abnormal sperms might reflect Sertoli cell dysfunction induced by hormonal suppression (Ichihara et al., 2000a) . It is possible that the molecular mechanism of liver toxicity is different from that of the toxic effects of 1BP on sperm count or morphology, which might be secondary to hormonal changes.
On the other hand, sperm motility tended to be lower in BALB/cA than in other strains. Garner et al. (2007) reported that exposure of CYP2E1 null mice to 1BP resulted in a slight decrease in sperm motility (47% from 58%), relative to unexposed matched controls although the change was not significant, whereas wild-type mice showed a significant decrease in sperm motility (40% from 63%) relative to unexposed matched controls. To explain the above results, they also showed that 1BP and its metabolite, 1-bromo-2-hydroxypropan (2OHBP), inhibited motility of sperms from WT mice in vitro, whereas only 2OHBP inhibited the motility of sperms from CYP2E1 null mice. They interpreted these findings by oxidation of 1BP in spermatozoa, though they did not measure directly the activity of CYP2E1 in the sperms of p < 0.05, Letters on top of each bar indicate significant difference between the designated pairs (ANOVA followed by Tukey's multiple comparison). n ¼ 6 mice in each group, except for 250 ppm group where n ¼ 5 for C57BL/6J mice and n ¼ 4 for BALB/cA mice.
FIG. 3.
Comparison of GST activity in livers of DBA/2J, C57BL/6J, and BALB/cA mice exposed to 1BP at 0, 50, 110, and 250 ppm for 28 days. GST activity per minute per mg microsomal protein was determined. Values are mean ± SD. *p < 0.05, compared with the strain-matched 0 ppm group (ANOVA followed by Dunnett's multiple comparison). a,b p < 0.05, Letters on top of the bars indicate significant difference between the designated pairs (ANOVA followed by Tukey's multiple comparison). n ¼ 6 mice in each group, except for 250 ppm group where n ¼ 5 for C57BL/6J mice and n ¼ 4 for BALB/cA mice. 106 wild and CYP2E1 null mice. This suggests that metabolites produced through CYP2E1-mediated oxidation might be responsible for 1BP-induced sperm toxicity. However, further studies are needed to explain how oxidized metabolites of 1BP produced in the liver or spermatozoa contribute to the reduction of sperm motility.
CYP2E1, GST, and GSH levels were modified by exposure to 1BP. CYP2E1 decreased at the highest exposure level relative to the nonexposed group. This might be due to liver damage or downregulation of this enzyme. Upregulation of GST was found in DBA/2J and BALB/cA but it was not dose dependent and BALB/cA consistently showed relatively lower activity of GST than DBA/2J at every exposure level. Total GSH in BALB/cA and C57BL/6J was also consistently lower than in DBA/2J except at highest exposure level. Such results also support the involvement of GST activity and GSH in susceptibility to 1BP.
GSSG and GSSG/GSH showed higher oxidative stress levels in BALB/cA throughout any exposure levels and in C57BL/6J at the lowest exposure level. NQO1 and HO-1 mRNA levels increased at the highest 1BP exposure dose in BALB/cA but not in DBA/2J. It is well known that NQO1 is one of the detoxification enzymes that protects cells against redox cycling chemicals and has been implicated in the generation of antioxidants, such as vitamin E (Ross et al., 2000) . HO-1 is an enzyme that defends against oxidantinduced injury during inflammatory processes (Poss and Tonegawa, 1997; Wiesel et al., 2000) by catalyzing the degradation of heme to carbon monoxide, ferrous iron, and biliverdin, which is converted to bilirubin, a potent endogenous FIG. 5 . Real-time RT-PCR analysis of NQO1 (A) and HO-1 (B) mRNA levels in the livers of BALB/cA, DBA/2J, and C57BL/6J mice exposed to 1BP at 0, 50, 110, 250 ppm for 28 days. The mRNA levels were quantified and expressed relative to b-actin mRNA in the same tissue sample. Values are mean ± SD. *p < 0.05, compared with strain-matched 0 ppm group (ANOVA followed by Dunnett's multiple comparison). n ¼ 6 mice in each group, except for 250 ppm group where n ¼ 5 for C57BL/6J mice and n ¼ 4 for BALB/cA mice.
FIG. 4.
Comparison of total GSH (A), GSSG (B) content, and ratio of GSSG/reduced form GSH (C) in the livers of DBA/2J, C57BL/6J, and BALB/cA mice exposed to 1BP at 0, 50, 110, and 250 ppm for 28 days. Total GSH, GSSG, and GSH content per mg microsomal protein were determined. Values are mean ± SD. *p < 0.05, compared with the strain-matched 0 ppm group (ANOVA followed by Dunnett's multiple comparison). a,b p < 0.05, letters on top of the bars indicate significant difference between the designated pairs (ANOVA followed by Tukey's multiple comparison). n ¼ 6 mice in each group, except for 250 ppm group, where n ¼ 5 for C57BL/6J mice and n ¼ 4 for BALB/cA mice.
COMPARATIVE STUDY ON SUSCEPTIBILITY TO 1BP IN 3 MICE STRAINS
antioxidant. Overexpression of NQO1 and HO-1 suggests excessive oxidative stress in susceptible strains, explaining possible mechanism of liver toxicity. On the other hand, it may be also secondary to inflammatory processes accompanying necrosis. The exact molecular mechanism involved in oxidative stress-related liver necrosis needs further evaluation. Further studies are also needed to rule out the possible induction of these oxidative stress markers by the necrotic tissue itself.
Given the present results suggesting the involvement of oxidative stress in hepatotoxicity, alternative explanation for susceptibility may be also provided by a study on the NNT mutation in C57BL/6J strain, which is known to modify mitochondrial responses to oxidative stress (Huang et al., 2006) .
Only BALB/cA mice showed increase in body weight during the present study. The increase in liver weight might partly contribute to this weight gain. Other systemic effects including body fluid maintenance should be also studied to explain the body weight gain.
Our preliminary experiments showed that exposure to 1BP at 300-400 ppm was lethal in all three strains of mice. This is in contrast to previous experiments in rats that showed survival of rats after 12 weeks of exposure to 800 ppm of 1BP (Ichihara et al., 2000a, b) . Interestingly, the reproductive toxicity and hepatotoxicity of 1BP could be induced in mice even at the lowest concentration of 50 ppm, whereas rats exposed to 200 ppm of 1BP for 12 weeks showed no changes in sperm count and sperm motility and that these parameters were only reduced after exposure to 400 and 800 ppm, (Ichihara et al., 2000b) . With regard to the effects of 1BP on the rat liver, exposure to the high dose of 800 ppm resulted in only scattered cytoplasmic degeneration in hepatocytes located around the central veins, without any liver necrosis (Ichihara et al., 2000a; Yamada et al., 2003) . Taken together with the previous study of rats, the present study indicates that mice are far more susceptible than rats to 1BP with respect to hepatotoxicity and reproductive toxicity.
The higher susceptibility of mice relative to rats may be explained by the greater capacity for metabolism of 1BP via oxidation in the B6C3F1 mouse than in Fischer 344 rat, as demonstrated in an intravenous administration study (Garner et al., 2006) . Alternatively, the difference in susceptibility may be due to the higher levels of CYP2E1 in the liver of male B6C3F1 mice than male Wistar rats (Nakajima et al., 1993) . Other studies showed that B6C3F1 mice eliminated ethylene oxide (EO) much more efficiently than F344 rats due to higher activity of GST in the liver (Brown et al., 1996) . Thus, the difference in the rates of oxidation by CYP2E1 or conjugation with GSH with/without GST may contribute to the greater sensitivity of mice to 1BP hepatotoxicity. Further studies should be conducted to determine whether CYP2E1-and GSH-related metabolism can explain the species difference between mice and rats with regard to liver and reproductive toxicities of 1BP.
Only a few data are available on 1BP hepatotoxicity in animals. Oral administration of 1BP significantly increased serum activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) following depletion of GSH in male ICR mice and female BABL/c mice (Lee et al., 2005 (Lee et al., , 2007 . However, one inhalation study in rats showed decreased activity of serum ALT and AST (Ishidao et al., 2002) . Centrilobular vacuolation (Clinical Trials, 1997; Kim et al., 1999; WIL Research Laboratories, 2001) or scanty area (Ichihara et al., 2000b) was reported in several inhalation studies. There are no human case reports Majersik et al., 2007; Raymond and Ford, 2007; Sclar, 1999) suggesting liver damage following 1BP exposure. Two epidemiological studies on Chinese workers exposed to 1BP at concentrations of 3.3-90.2 ppm (Ichihara et al., 2004a) and at concentrations of 0.34-49.2 ppm (Ichihara et al., 2004b) did not show significant changes in ALT, AST gamma-glutamyl transferase, lactate dehydrogenase, and alkaline phosphatase. It is possible that human resembles the rat with regard to hepatotoxicity, because the latter is not dominant among toxicities in human and rats, different from mice.
Finally, it should be noted that further exploratory research on susceptibility factors can be conducted using genetic analysis including quantitative trait locus analysis. In conclusion, the present study demonstrated that BALB/cA mice were the most susceptible to the hepatotoxic effect of 1BP. Such susceptibility may be mediated by CYP2E1 and GSH, and GST in mice.
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